ABSTRACT A new cell line designated SQ-A was established from the spleen of a leukemic DBA/2J mouse inoculated with the anemic strain of Friend erythroleukemia virus (FLV-A). The cells are similar in morphology, growth pattern, and tumorigenicity to our prototype erythroleukemia line 5-86 but are more sensitive to the cytotoxic effects of inducers of differentiation. The virus produced by SQ-A cells induces erythroleukemia associated with anemia in adult mice but has little activity when assayed on XC cells. It was characterized to determine what factors influence its leukemogenic potential. As compared to the attenuated virus from cultures of 5-86 and G-2 cells, the subunits of the RNA from the virions of SQ-A cells are the same size, and the amount of reverse transcriptase activity and RNase H present in the purified virions of the three lines are similar. However, differences are observed in levels of endonuclease and protein kinase. Both enzymes are increased in SQ-A virions. The activity of protein kinase in SQ-A virions is about 5 times higher than that in the attenuated virions. The number of polypeptides and their phosphorylation patterns also distinguish the virions of SQ-A. Whereas 5-86 virions contain seven proteins, three of which are phosphorylated in vitro, SQ-A virions contain eight proteins, all of which are phosphorylated. The extra protein in SQ-A virions has a molecular weight of 25,000 and is not glycosylated.
The lines of chronically infected murine erythroleukemia cells are widely used for studying the mechanism of gene expression and regulation of erythropoiesis because they can be stimulated to synthesize hemoglobin by treatment with dimethyl sulfoxide or any one of a number of other inducers that have the ability to switch on the program governing erythroid differentiation (1, 2) . The cells of all lines developed in our laboratory produce substantial amounts of virus as estimated by the level of reverse transcriptase released into the culture fluid (3); however, the virus synthesized is attenuated (4) . The reason for the loss of leukemogenicity of the virus after serial passage of the cells is not clear, nor is it known precisely what properties are required for the maintenance of virus pathogenicity. Our approach to the molecular pathology has been to develop new lines of leukemic cells and to follow the fate of the virus synthesized. We report here the establishment of one such line, designated SQ-A, which has been producing leukemogenic virus for several years. We have compared the properties of the cells and the virus produced to those of other Friend erythroleukemia virus (FLV)-transformed cells that synthesize attenuated virus. Thus far, the major differences between the leukemogenic virus synthesized by SQ-A cells and the attenuated virus of the other lines appear to be: (0) increased levels of endonuclease and protein kinase activity, (it) the presence of an extra polypeptide with a Mr of 25,000, and (iii) an increase in the number of peptides that become phosphorylated in vitro.
MATERIALS AND METHODS
Cells and Viruses. Cell line SQ-A was derived from a transplantable tumor originating from an implant of spleen from a leukemic mouse infected with the anemic strain of FLV (FLV-A) and in the terminal stage of the disease. By utilizing methods previously described (1), the cells shed into the medium were readily established in continuous culture. Routinely, cells are maintained by passages twice weekly at a concentration of 1 x 105 cells per ml in basal medium (Eagle)/Glasgow (GIBCO), supplemented with 10% fetal calf serum (Reheis, Kankakee, IL), penicillin (100 units/ml), and streptomycin (100 ,ug/ml). The cells are cloned in soft agar (0.3%) on an agar base (0.9%) in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. Colonies derived from single cells are generally picked on the 14th day of incubation, transferred to 35-mm Petri dishes containing 3 ml of medium, and then passaged as above. The cultures are kept at a constant temperature of 37iC in 5% CO2 in air. Viability is determined by trypan blue exclusion. Origin, establishment, growth conditions, and characterization of FLV-transformed lines 5-86, G-1, and G-2 have been discussed (1). Lines 5-86 and G-2 are erythroleukemia cells that grow in suspension, and line G-2 is adherent and epithelioid in appearance.
The inducers used were dimethyl sulfoxide (Fisher), aminonucleoside of puromycin (AMS) (Sigma), hexamethylenebisacetamide (a gift of R. Reuben), and retinoic acid (Sigma). Each was added to the culture at the time of seeding at the concentration noted in the text. The cultures were scored for benzidine-positive (B+) cells 4-5 days later, and the number of cells synthesizing hemoglobin was determined by the method of Orkin et al. (5) .
Virus Replication. The amount of FLV released by the chronically infected cells was measured by assay for syncytia on XC cells (6) and by assaying the reverse transcriptase activity released into the medium. The enzymatic activity was quantitated by incorporation of [3H]thymidine monophosphate into acid-soluble material using poly(rA-dT) as template primer under the conditions as described (3, 7) . To test for leukemogenic activity, 0.2-0.5 ml of Millipore 0.45-,m filtered, 4-day supernatant fluid was inoculated intraperitoneally into Swiss (Taconic Farms, Germantown, NY) or DBA/2J (The Jackson Laboratory) 8-to 10-week-old mice. To assay for tumor production, 1 x 10-6 cells of each line to be tested were inoculated subcutaneously into 10 syngeneic 2-to 3-month-old DBA/2J mice. 
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Enzymatic Determinations. Protein kinase activity was determined in aliquots of purified virions containing approximately 50 ,Ag of viral proteins, incubated with 0.5 M Tris HCl buffer, pH 8.0/4 mM MgCl2/1 mM 2-mercaptoethanol/0.2% Nonidet P-40 containing 10 ACi of [y-32P]ATP (specific activity 100 Ci/lumol; 1 Ci = 37 GBq) and 30,ug of histones (8) .
The reaction was terminated by addition of 10 mM of ATP and cold 0.1 M sodium pyrophosphate in 10% trichloracetic acid. After 20 min at 40C, the precipitates formed were collected on Millipore filters, washed several times with cold 10% trichloracetic acid, dried, and assayed for radioactivity by a scintillation counter. Endonuclease activity was assayed in purified virus preparations as described by NissenMeyer et al. (9) with 3H-labeled simian virus 40 DNA component I as substrate to measure introduction of nicks by means of the nitrocellulose filter assay described by Nes and Nissen-Meyer (10). The RNase H activity was assayed by measuring the conversion of acid-soluble radioactivity of poly(dT)poly([3H]A) following the conditions described by Berkower et al. (11) .
Phosphorylation of virion polypeptides by the virion protein kinase was carried out as follows. Aliquots of purified virus preparations were incubated with [Y-_2P]ATP and the appropriate buffer. After 60 min at 37°C, the reactions were terminated as described above, and the virion polypeptides were separated by NaDodSO4/polyacrylamide gel electrophoresis as indicated below.
Slab Gel Electrophoresis of Proteins. Aliquots of purified virus preparations containing 10-20 ,ug of viral proteins were resuspended in a 0.01 M Tris HCl buffer, pH 8.0/1% NaDodSO4/0.5% 2-mercaptoethanol and heated at 100°C for 5 min before loading onto 15% polyacrylamide slab gels containing NaDodSO4. Electrophoresis was carried out for 3 hr at 100 V. The gels were then stained with Coomassie blue or dried for radioautography with Kodak-X-Omat R film. Molecular weight markers were purchased from Bio-Rad and used in the staining gels. 14C-labeled proteins of known molecular weight from Bethesda Research Laboratories were used as standards to calculate the molecular weight of the bands detected by autoradiography. RESULTS Properties of Line SQ-A. The cells originating from the leukemic spleen of an FLV-A-infected DBA/2 mouse grow in suspension (Fig. 1 Left) and morphologically resemble our erythroleukemia prototype 5-86, a subclone of line 745. The five SQ-A clones we examined have essentially the same properties as the cells of the mass cultures. The SQ-A karyotype is near diploid, as is 5-86. An analysis of banded karyotypes prepared at different passage levels revealed a modal number of 43 chromosomes in each cell. A majority of the chromosomes appeared normal in most cells. However, a variable number of chromosomes showed structurally rearranged markers. The chromosome of origin of some of the markers could not be identified from the banding patterns. Chromosomal rearrangements have been observed in other FLV-induced erythroleukemia cell lines (12) and in permanent lines of Rauscher virus-induced leukemia (13) .
Another trait shared with line 5-86 is tumorigenicity of the cells of line SQ-A in syngeneic DBA/2J mice. Each produced reticulum cell sarcomas ( tion, growth generally was inhibited and only 10-15% became benzidine-positive, indicating that hemoglobin was being synthesized. At lower concentrations that are nontoxic, no differentiation was observed. However, cell survival and the number of benzidine-positive cells increased 2-fold or more when the cultures were split into medium without dimethyl sulfoxide after 24-48 hr of treatment with the inducer. Similar results were obtained with hexamethylenebisacetamide (4 mM) and aminonucleoside of puromycin (10 pug).
In preliminary experiments with B. Alter, a-, Pmajor, and Bminor-globin chains were detected, on polyacrylamide slab gels, in extracts of the cells treated for 4 days with aminonucleoside of puromycin (unpublished data).
Because some erythroleukemia cells have been reported to possess the markers of more than one hematopoietic series (14) , cytochemical stains were also performed. No differences between the cells of lines SQ-A and 5-86 were revealed. In addition, we assayed the response of the two cell lines to conditioned medium (10%) from phytohemagglutinin-treated normal human lymphocytes and to retinoic acid No major difference between lines 5-86 and SQ-A was found in regard to the kinetics of cell growth or the production of virus as measured by reverse transcriptase released into the supernatant over a 4-day period (Fig. 2) . The results of a representative experiment on the biological activity of the virus from the various cell lines compared to the activity of FLV-A obtained from leukemic spleen filtrate are shown in Table 1 . Of the 10 Swiss mice inoculated with SQ-A virus, 9 became leukemic. Although all of the Swiss mice inoculated with the virus from 5-86 cultures remained free of disease, 3 of the 10 adult DBA/2J mice infected at the same time became leukemic.
No correlation could be established between leukemogenic activity and the ability to form syncytia. On the one hand, the leukemogenic SQ-A and attenuated 5-86 virus showed little activity on XC cells; on the other hand, the titer of the attenuated G-2 approximated that of the highly leukemogenic FLV-A. These results led us to compare the biochemical properties of the purified virions of each strain. Characterization of SQ-A Virions. To determine whether the RNA extracted from the virions contained the same size subunits, labeled viral RNA was electrophoresed under denaturing conditions with appropriate size markers (3). The results (not shown) indicated that there were no differences in the size of the subunits of SQ-A and 5-86 virions.
We next examined the protein patterns of purified virions of leukemogenic SQ-A and the attenuated virions of two of our standard lines, line 5-86 and line G-2. The protein patterns are shown in Fig. 3 . SQ-A can be distinguished by the unique Mr 25,000 protein that is lacking in the virions of the other two lines. This polypeptide is not glycosylated as judged by staining with periodic acid/Schiff reagent (PAS).
In further analyzing the virus to determine what factors are associated with leukemogenicity, we assayed the enzymatic activities of the purified virions from each of the three cell lines ( Table 2 ). The reverse transcriptase and RNase H activities were similar, but significantly higher amounts of endonuclease and protein kinase activity were found in the virions of SQ-A than in those of 5-86 or G-2. The time course of the protein kinase activity of virions from the three cell lines, with histone as acceptor protein, is compared in Fig. 4 .
In view of these findings, we proceeded to examine which of the virion proteins were phosphorylated in vitro by endogenous kinase. The results of a representative experiment carried out in the absence of acceptor proteins are presented in Fig. 5 . Polypeptides of Mrs 70,000, 35,000, and 10,000 were phosphorylated in the virions of all three lines. In SQ-A and G-2 virions, but not in those of 5-86, proteins of Mrs 40,000 and 15,000 were phosphorylated. Three additional proteins of Mrs 45,000, 30,000, and 25,000 were phosphorylated in SQ-A virions.
DISCUSSION
A new cell line, designated SQ-A, was developed from the leukemic spleen of an FLV-A-infected DBA/2J mouse to enable us to study the properties of the virus produced in vitro by the chronically infected cells. Our previous studies had Table- Phosphorylation of virion proteins. Experimental conditions were similar to those of Fig. 4 except that histones were omitted. After a 60 nin incubation, the reactions were terminated, the viron polypeptides were separated in NaDodSO4/polyacrylamide gel electrophoresis, and the gels were dried and radioautographed as described from left to right. SQ-A, 48-hr exposure; SQ-A, 5-86, and G-2, 6 day exposure. integration remains unknown. The endonuclease of FLV, however, is of particular interest because it seems to differentiate between circular and linear duplexes in the presence of Mn2 , with circular forms being readily nicked (15) . The preferential nick of supercoiled DNA may suggest that proviral DNA is the natural substrate of the nuclease and may be involved in integration. Whether it is this property that endows the virus with leukemogenic potential is not as yet clear.
The role and origin of virion-associated protein kinases are not well understood at the moment. A low molecular weight protein kinase isolated from virions of murine sarcoma virus has been found to phosphorylate tyrosine residues endogenously and cellular proteins at serine (16) . This activity also has been shown to interact with a major cytoskeletal protein and was undetectable in virions of a nontransforming mutant (17) . Likewise, our results indicate a correlation between the ability of the virions to induce leukemia and the levels of protein kinase activity. In view of the fact that protein phosphorylations are important in the regulation of many cellular processes, it is of extreme importance to establish which amino acids are phosphorylated by the virion-associated protein kinase and whether the cells producing the leukemogenic virus exhibit high phosphorylating activity.
It should be mentioned that no correlation could be found between leukemogenicity and the XC assays. This is not unexpected because leukemogenic virus isolated from AK lymphomas may give negative results on XC cells (18) .
In our attempts to shed some light on the complexities of leukemogenesis, we have detected a number of differences between the leukemogenic and attenuated virions, the significance of which is not as yet clear. They may be properties not sufficient in themselves to cause malignant diseases.
